1. Introduction {#sec1-cells-08-00446}
===============

There are three major types of protein present in fish, such as sarcoplasmic (25--30%), myofibrillar (66--77%) and stroma protein (1--5%). Among them, stromal proteins are mostly located in the interstitial space of muscle cells and extra-cellular membrane. Collagen is one of the most available stromal proteins in fish. Collagen can be extracted from different part of fish such as skin, scales, bones, muscles, fins, and swim bladder \[[@B1-cells-08-00446],[@B2-cells-08-00446],[@B3-cells-08-00446]\].

In recent years, collagens from marine organism have been widely investigated due to their excellent biological activity with low or no side effects as an alternative to mammalian collagen \[[@B4-cells-08-00446],[@B5-cells-08-00446]\]. The quality of collagen or gelatin (partially denatured form of collagen) depends on its biochemical, functional, and rheological properties, which may differ depending on fish species and manufacturing method \[[@B6-cells-08-00446]\]. Based on the quality and bioactivity, the fish collagen may be used as a food supplement for special medical purposes \[[@B7-cells-08-00446],[@B8-cells-08-00446]\].

To explore more regarding fish collagen, many researchers are focusing on the biological activity of collagen peptides at present. For instance, Chen et al. \[[@B9-cells-08-00446]\] investigated the arthritogenicity and tolerogenicity effect of collagen peptide with 12 kDa. Xi et al. \[[@B10-cells-08-00446]\] reported that oral administration of a novel recombinant peptide rcCTE1-2 (50 μg/kg/d) with 28 kDa induced immune tolerance and suppressed rheumatoid arthritis (RA). Earlier, Schmid and Conrad \[[@B11-cells-08-00446]\] identified a new collagen peptide (59 kDa) that involved in calcification of the cartilage. It has been demonstrated that collagen peptides possess the ability to suppress T-cell activation in RA both in vitro and in vivo \[[@B12-cells-08-00446]\].

Recently, few studies have been focused on the preparation and biomedical application of type-II collagen polypeptides from cartilaginous fish species \[[@B13-cells-08-00446],[@B14-cells-08-00446],[@B15-cells-08-00446]\]. A study revealed that collagen chicken sternal cartilage collagen peptides (0.5--3 kDa) had anti-oxidant, anti-inflammatory activity and inhibited chondrocytes apoptosis \[[@B16-cells-08-00446]\]. Enteral nutritional administration of Alaska pollock skin collagen peptides ranging from ca. 0.7--1 kDa showed protective effects on intestinal tight junction after burn injury in mice model \[[@B17-cells-08-00446]\]. It is believed that the antioxidant and the anti-inflammatory response of peptides are regulated by the specific amino acid sequences \[[@B6-cells-08-00446],[@B8-cells-08-00446]\].

It has been reported that certain specific modulators such as mitogen-activated kinases (MAPKs) regulate skeletal development and bone homeostasis, and play main role in osteoblast differentiation from bone marrow-mesenchymal stem (BMMS) cells \[[@B18-cells-08-00446],[@B19-cells-08-00446],[@B20-cells-08-00446]\]. There are three types of MAPKs, such as the c-Jun amino (N)-terminal kinases (JNK1/2/3), extracellular signal-regulated kinases (ERK1/2, ERK5), and the p38 isoforms (p38α, p38β, p38γ, and p38δ) \[[@B21-cells-08-00446]\]. Among three MAPKs, the role of p38 and ERK in skeleton development is predominantly investigated \[[@B22-cells-08-00446],[@B23-cells-08-00446],[@B24-cells-08-00446],[@B25-cells-08-00446]\].

In most of the previous studies, the collagen peptides were obtained by proteolytic digestion of fish collagen extracted from fish parts \[[@B9-cells-08-00446],[@B13-cells-08-00446],[@B14-cells-08-00446],[@B15-cells-08-00446]\]. However, for the first time, we have initiated the extraction of collagen peptide directly from fish bone through proteolytic digestion. To the best of our knowledge, the osteogenic properties of Mahi mahi bone collagen peptide have not yet been reported. Therefore, the present study was aimed to extract collagen peptides directly from Mahi mahi fish bones through various pretreatments and alcalase hydrolysis, and test the osteogenic behavior of collagen peptide using mouse BMMS cells.

2. Results {#sec2-cells-08-00446}
==========

2.1. Molecular Weight Analysis {#sec2dot1-cells-08-00446}
------------------------------

The electrophoretic patterns of Mahi mahi bone collagen hydrolysate and peptide are shown in [Figure 1](#cells-08-00446-f001){ref-type="fig"}. Collagen hydrolysate had polypeptide chain with the molecular weight of \~150 kDa and a peptide. On the basis of the electrophoretic mobilities, the α-chain of the bone collagen hydrolyzed by alcalase was degraded into smaller peptide with a molecular weight of \~1 KDa. From the electrophoretic pattern, it was clearly seen that the hydrolysis of bone by alcalase could efficiently produce a peptide with the molecular weight of \~1 kDa.

2.2. Effect of CP on the Proliferation of BMMS Cells {#sec2dot2-cells-08-00446}
----------------------------------------------------

The effect of CP on mouse bone marrow-mesenchymal stem (BMMS) cells growth was determined and presented in [Figure 2](#cells-08-00446-f002){ref-type="fig"}. As shown in [Figure 2](#cells-08-00446-f002){ref-type="fig"}A, the CP treated BMMS cells showed high cell proliferative rate than control cells, except 10 ng/mL CP treated group. The proliferation rate of BMMS cells was significantly increased with increasing concentration of CP in dose dependent manner. Notably, the proliferative rate was significantly higher at 50 ng/mL of CP, however, there was no significant difference between 50 ng/mL and other higher doses of CP (100--1000 ng/mL).

2.3. Effect of CP on the Differentiation of BMMS Cells {#sec2dot3-cells-08-00446}
------------------------------------------------------

BMMS cells were differentiated in osteoblast growth medium (osteoblastogenic medium and supplement) for 21 days. In order to investigate the osteogenic differentiation ability, BMMS cells were treated with CP (50 ng/mL) in presence of osteoblast growth medium. The differentiation of BMMS cells was up-regulated 1.8 fold by CP compared to the control group (*p* \< 0.05) ([Figure 2](#cells-08-00446-f002){ref-type="fig"}B). For further confirmation, the cellular level of alkaline phosphatase (ALP), a hallmark biomarker for osteoblast differentiation, was analyzed in BMMS cells after the CP treatment. As expected, the cellular ALP level was significantly up-regulated in CP treated BMMS cells than control cells ([Figure 2](#cells-08-00446-f002){ref-type="fig"}C), which further substantiate the osteogenic differentiation ability of CP.

2.4. Histological Staining {#sec2dot4-cells-08-00446}
--------------------------

Histological staining (H and E stain) of CP treated and control BMMS cells are shown in [Figure 3](#cells-08-00446-f003){ref-type="fig"}. It was clearly shown that the number of BMMS cells was increased in CP treated cells than control cells. Histological staining of naphthol AS-MX phosphate-fast blue RR for alkaline phosphatase showed that on day 21, the CP treated BMMS cells had high deposition of ALP compared to control cells (*p* \< 0.05) ([Figure 4](#cells-08-00446-f004){ref-type="fig"}).

In addition, histological mineral staining of BMMS cells using alizarin red and von Kossa stain (silver nitrate) showed the existence of high level of nodular red and apatite black precipitate in the extracellular matrix of CP treated BMMS cells than control cells on day 21 (*p* \< 0.05), however, there were no significant changes observed between CP-treated BMMS cells and control cells on day 7 and 14 ([Supplementary Figures S1 and S2](#app1-cells-08-00446){ref-type="app"}).

2.5. Immunocytochemistry {#sec2dot5-cells-08-00446}
------------------------

To examine the effect of CP on the expression of an osteogenic protein in BMMS cells, we used immunocytochemistry with antibodies directed against osteogenic protein such as Col~1~α~2~.

This approach demonstrated that Col~1~α~2~ was increased in CP treated BMMS cells compared to control cells. In general, the expression of collagen was significantly increased in 21 days cultured control BMMS cells compared to seven and 14 days of culture. However, BMMS cells cultured with CP showed strong staining with Col~1~α~2~ monoclonal antibody than control BMMS cells after 21 days of culture ([Figure 5](#cells-08-00446-f005){ref-type="fig"}), which also supported the osteogenic differentiation of BMMS cells cultured with CP.

2.6. mRNA and Protein Expression of CP Treated BMMS Cells {#sec2dot6-cells-08-00446}
---------------------------------------------------------

To determine the mRNA expression, BMMS cells cultured with CP in presence of osteogenic medium for 21 days and the genes of interest measured by RT-PCR were normalized with a house-keeping gene, GAPDH. The level of osteogenic regulatory mRNA (Col~1~α~2~, ALP and osteocalcin (OC)) and protein (Col~1~α~2~ and osteocalcin) expression was significantly increased in CP treated cells on day 21 compared to control BMMS cells ([Figure 6](#cells-08-00446-f006){ref-type="fig"} and [Figure 7](#cells-08-00446-f007){ref-type="fig"}). To further investigate the mechanism leading to the differentiation of osteogenic cells by CP, the levels of osteogenic signaling modulators, such as Runx2 and p38MAPK were measured. Our results confirmed that Runx2 and p38MAPK levels were significantly increased in BMMS cells cultured with CP compared to control cells (*p* \< 0.05) ([Figure 7](#cells-08-00446-f007){ref-type="fig"}), which further disclose the possible mechanism of BMMS cells differentiation by CP.

3. Materials and Methods {#sec3-cells-08-00446}
========================

3.1. Extraction of Fish Bone Collagen Peptide (CP) {#sec3dot1-cells-08-00446}
--------------------------------------------------

The schematic representation of collagen peptide extraction is shown in [Scheme 1](#cells-08-00446-sch001){ref-type="scheme"}. In brief, Fish (Mahi mahi, *Coryphaena hippurus*) bones were treated with 0.1 M NaOH for 24 h to remove non-collagenous protein. After, they were treated with 10% Butyl alcohol for 24 h to remove fat molecules and then treated with 0.5 M EDTA to remove ash content. The bones were washed thoroughly in tap-water between each step. The pretreated bones were incubated with 1% alcalase (Sigma-Aldrich, Shanghai, China) in water with the ratio of 1:2 and were hydrolyzed at 45 °C, pH 8.0 for 2 h. The hydrolyzed collagen samples were collected and collagen peptides were separated using 10 KDa molecular weight cut-off membrane (MWCM) (Millipore, Shanghai, China) by ultra-centrifugation. The fractions were freeze dried using a lyophilizer and stored in air tight container for further use.

3.2. Molecular Mass by Tricine SDS-PAGE {#sec3dot2-cells-08-00446}
---------------------------------------

Tricine-SDS-PAGE was done according to a method described by Schagger \[[@B26-cells-08-00446]\]. Briefly, the freeze dried collagen hydrolysate and its fraction were mixed with the sample buffer (1M Tris-HCl, pH 6.8, containing 20% SDS, glycerol and Coomassie Brilliant Blue), heated at 90 °C for 15 min and was loaded (10 μL) onto a polyacrylamide gel, composed of 5% of stacking and 15% of separating gels and were subjected to electrophoresis at constant current of 100 mA. Protein standard (5--245 kDa) was also run on the gels. After electrophoresis, the gels were incubated with staining solution (Coomassie Blue, methanol and acetic acid) and de-staining solution (acetic acid).

3.3. Cell Culture {#sec3dot3-cells-08-00446}
-----------------

Mouse bone marrow-mesenchymal stem (BMMS) cells were obtained from the Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., Shanghai, China and were cultured in mesenchymal stem cell culture medium (cat. no. 7501) containing 10% fetal bovine serum (FBS) (cat. no. 0025), mesenchymal stem cell growth supplement (1% MSCGS, cat. no. 7552) and 1% penicillin/streptomycin (10,000 units/mL of penicillin and 10,000 μg/mL of streptomycin in a saline solution) (cat. no. 0503) at 37 °C in a CO~2~ incubator.

3.4. Effect of CP on BMMS Cells Proliferation {#sec3dot4-cells-08-00446}
---------------------------------------------

BMMS cells (5000 cells/well) were seeded in Corning^®^ TC-Treated 48 well plates and were treated with different concentration of collagen peptide (10, 50, 100, 500 and 1000 ng/mL) for seven days. Control cells were grown in the mesenchymal stem cell culture medium without a sample. The total number of viable cells was counted using an Invitrogen cell counter (Countess II Automated Cell Counter, ThermoFisher Scientific, Shanghai, China).

3.5. Effect of CP on BMMS Cells Differentiation {#sec3dot5-cells-08-00446}
-----------------------------------------------

BMMS cells at passage 5 were initially seeded at a density of 5 × 10^4^ cells/well in microtiter six-well plates. To induce osteogenesis, the cells were grown in osteoblast medium (Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., cat. no. 4601) with the addition of osteoblast growth supplement (ObGS) (Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., Shanghai, China, cat. no. 4652) composed of 100 nM dexamethasone, 10 mM b-glycerolphosphate, and 0.05 mM 2-phosphate-ascorbic acid for 21 days with media changes every three days. To evaluate the CP osteogenic property, BMMS cells were cultured in osteogenic medium with collagen peptide (50 ng/mL). After 7, 14, and 21 days of culture, the cells were counted and fixed with respective fixatives as mention below.

3.6. Histological Staining for Osteogenic Evaluation {#sec3dot6-cells-08-00446}
----------------------------------------------------

At the end of CP treatment, the cells were washed with DPBS (consist without calcium and magnesium) to remove non-adherent cells and fixed with 0.4% paraformaldehyde (PFA) for 30 min, after that the cell membranes were permiabilized by 0.1% Triton-X 100 in PBS at room temperature for 30 min. In each step, the excessive fixative was washed out using DPBS. The fixed cells were then stained with various staining agents such as hematoxylin and eosin, naphthol AS-MX phosphate and fast blue RR for alkaline phosphatase and alizarin red and silver nitrate stain for mineral deposition \[[@B27-cells-08-00446],[@B28-cells-08-00446]\].

3.7. Cellular Alkaline Phosphatase {#sec3dot7-cells-08-00446}
----------------------------------

The level of cellular alkaline phosphatase (ALP) was measured as per the previous protocol \[[@B29-cells-08-00446]\]. The cells were harvested with lysis buffer (10 mM Tris buffer, pH 7.4) and treated with ALP substrate, p-nitrophenyl phosphate (Sigma-Aldrich) and read at 410 nm using a plate reader (Bio-Rad Model 550, Shanghai, China). The same volume of sample was used to determine protein content using bicinchoninic acid (BCA) as per the manufacturer's instruction (Pierce, Missouri, IL, USA). ALP activity was expressed as nmoles/min/mg protein.

3.8. Immunocytochemistry {#sec3dot8-cells-08-00446}
------------------------

The cells were grown in the confocal disc (cat no. 150682, ThermoFisher Scientific) with CP for 7, 14, and 21 days and fixed as mentioned earlier. Then, the cells were incubated with primary antibody (anti-Col~1~α~2~) overnight and DyLight 594-conjugated secondary antibody (goat anti-rabbit IgG H&L, Cat No. ab96885, Abcam) for 2 h at 37 °C. Images were captured using confocal laser scanning microscope (Leica TCS SP8, Leica Microsystems CMS GmbH, Wetzlar, Germany).

3.9. mRNA Expression {#sec3dot9-cells-08-00446}
--------------------

BMMS cells (1 × 10^5^ cells/well) were cultured in six-well plates with CP as mentioned above. The percentage of mRNA expression (ALP, osteocalcin, Runx2, p38MAPK, and GAPDH) was determined as follows.

### 3.9.1. RNA Extractions {#sec3dot9dot1-cells-08-00446}

Culture medium was removed from the cells by pipetting after an incubation period and washed twice with ice-cold PBS. The cell monolayer was lysed in TRIzol (Invitrogen Life Technologies, Shanghai, China) (0.5 mL/well). The Trizol supernatant was passed through a 21 G needle using Luer-lock syringes (Zogear Industries Co., Ltd., Shanghai, China) to shear the RNA. Phase separation was obtained by addition of 0.2 mL chloroform for each 1 mL of Trizol used and shaken vigorously by hand until the sample was opaque. Then cells were left on ice for a few min and spun at 12,000× *g* for 15 min at 4 °C. The top clear phase containing RNA was collected and added to a fresh tube containing 0.5 mL isopropanol for RNA precipitation. The mixture was mixed thoroughly and centrifuged as previously. The pellet was washed with 0.5 mL 70% ethanol and re-centrifuged. The RNA pellet was suspended in an appropriate volume (10 μL) of RT-PCR water (Shanghai Biocolor BioScience and Technology Company, Shanghai, China). DNase treatment was done using a Turbo DNase kit (Shanghai Biocolor BioScience and Technology Company, Shanghai, China) as per the manufacturer's instructions. After centrifuging at 1000× *g* for 2 min at 4 °C, RNA was quantified at an absorbance of 260 nm using a Nanodrop ND-1000 spectrophotometer (ThermoFisher Scientific).

### 3.9.2. cDNA Synthesis and RT-PCR {#sec3dot9dot2-cells-08-00446}

First strand cDNA synthesis was done in a 20 μL reaction mixture containing 1.0 μg RNA, 10 μL FS master mix (Invitrogen, Shanghai, China), 3 μL random primer (Invitrogen), 1 μL affinity script (Invitrogen) and molecular-grade water to 20 μL. The reaction mixture was incubated at 42 °C for 30 min and 85 °C for 5 min, followed by 5 min at 90 °C to inactivate the RT in a Biometra T3000 thermocycler 48 (Biometra Gmbh, Gottingen, Germany).

Real-time polymerase chain reaction (RT-PCR) was done using a 96-well plate using an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Shanghai, China) using SYBR Green Fast qPCR RT Master Mix (Invitrogen, Shanghai, China). The total volume of each PCR reaction was 10 μL, containing 5 μL SYBR Green Fast qPCR RT Master mix, 1.5 μL cDNA template sample, 0.5 μL of forward and reverse primers, and 2.5 μL water. The PCR reaction was carried out at 95 °C for 30 min, 40 cycles at 95 °C for 5 min, 60 °C for 30 min, one cycle of 95 °C for 1 h, 55 °C for 30 min and 95 °C for 30 min. The primers used for the RT-PCR are given below.

GAPDH: forward 5′- AGC TTG TCA TCA ACG GGA AG-3′ and reverse 5′- TTT GAT GTT AGT GGG GTC TCG-3′

COL I: forward 5′- GCG AAG GCA ACA GTC GCT-3′ and reverse 5′- CTT GGT GGT TTT GTA TTC GAT GAC-3′

Osteocalcin (OC): forward 5′- CTC ACA GAT GCC AAG CCC-3′ and reverse 5′- CCA AGG TAG CGC CGG AGT CT-3′

Alkaline Phosphatase (ALP): forward 5′- TCC TGA CCA AAA ACC TCA AAG G-3′ and reverse 5′- TGC TTC ATG CAG AGC CTG C-3′

RUNX2: forward 5′- CCA CCA CTC ACT ACC ACA CG-3′ and reverse 5′- TCA GCG TCA ACA CCA TCA TT-3′

p38MAPK: forward 5′-TCGAGACCGTTTCAGTCCAT-3′ and reverse 5′-CCA CGG ACC AAA TATCCA CT-3′.

3.10. Western Blot {#sec3dot10-cells-08-00446}
------------------

BMMS cells (1 × 10^5^ cells/well) cultured in six-well plates were treated with CP as mentioned earlier. At the end of treatment, total cell proteins were extracted using RIPA buffer (strong) containing Protease inhibitor cocktail (Roche-Complete™, Mini, EDTA-free Protease Inhibitor Cocktail Tablets) (Sigma, Shanghai, China). The cell lysates were used to measure the total protein content using BCA method. The protein fragments were separated 10% SDS-PAGE and transferred to PVDF nitrocellulose membranes (Invitrogen) using the iblot-2 dry blotting system (Invitrogen). 5% BSA-PBST was used as blocking agent before antibodies treatment. Then, the PVDF membranes were incubated with primary antibodies (Abcam, Shanghai, China) such as anti-GAPDH (ab245355), anti-RUNX2 (ab76956), anti-p38MAPK (ab27986), anti-Col~1~α~2~ (ab96723), and anti-osteocalcin (ab93876) overnight at 4 °C. Polyclonal goat anti-rabbit IgG-HRP (ab6721) as secondary antibody incubated with membrane for 2 h at 37 °C. The bands were visualized by exposing with the enhanced chemiluminescent reagent using a Universal Hood II Gel Doc System (Bio-Rad, Rochester, NY, USA).

3.11. Statistics {#sec3dot11-cells-08-00446}
----------------

The average mean values and standard deviation of the mean were calculated from three determinations and statistical significance was determined using one-way ANOVA. Individual differences between mean values were assessed using Duncan's multiple range tests. The results were also statistically interpreted using SPSS 18.0 (SPSS 18.0 for Windows, SPSS Inc, Chicago, IL, USA) to determine the least significant differences (LSD) at a *p* \< 0.05. Each experiment was repeated thrice.

4. Discussion {#sec4-cells-08-00446}
=============

Though the proteolytic enzyme alcalase could effectively hydrolyze the bone collagen, the alpha chain of collagen was still intact, which means the part of high molecular weight component was hydrolyzed by alcalase and degraded into smaller peptide with the molecular weight of 1 kDa. Similar to the present study, collagen peptides with the molecular weight of 0.5--3 kDa were isolated from chicken sternal cartilage through papain enzymatic hydrolysis and tested its antioxidant, anti-inflammatory, and chondrogenic properties \[[@B16-cells-08-00446]\]. In another study, the protective effects of Alaska pollock skin collagen peptides (0.7--1 kDa MW) on intestinal tight junction were investigated through diminished intestinal barrier disruption after burn injury \[[@B17-cells-08-00446]\]. In the present study, the electrophoretic pattern disclosed that the alcalase enzyme could effectively hydrolyze the bone collagen and produce the single major peptide with a molecular weight of \~1 kDa.

Interestingly, the proliferation and differentiation rate of BMMS cells were increased by CP treatment and the effect of CP on BMMS cells was dose-dependent, however, the optimum concentration of CP for BMMS cells proliferation was 50 ng/mL since there was no significant difference in BMMS cells treated with CP from 50--1000 ng/mL. Similar to the present study, collagen peptides (1.4, 2, and 5 kDa) from bovine, porcine, and fish had upregulated the proliferation and ALP activities of human osteoblastic MG-63 and MC3T3-E1 cells \[[@B30-cells-08-00446],[@B31-cells-08-00446],[@B32-cells-08-00446]\]. It was reported that type I collagen mimetic peptides coated hydroxyapatite disks and rat tail type I collagen showed osteogenic stimulatory activities on mesenchymal stem cells \[[@B33-cells-08-00446],[@B34-cells-08-00446],[@B35-cells-08-00446]\]. Recently, Chiu et al. \[[@B36-cells-08-00446]\] reported that type-II collagen treatment increased the level of integrin α~2~β~1~ complex (VLA-2) expression in BMMS cells surface.

CP accelerated the cellular ALP and mineral deposition in BMMS cells compared to other controls, which confirmed the osteoblastogenic potential of this material. Similarly, mammalian collagen-treated BMMS cells accrued more calcium than control in the previous study \[[@B36-cells-08-00446]\]. Daneault et al. \[[@B37-cells-08-00446]\] reported that hydrolyzed collagen rich in hydroxyproline had increased the mineralization of osteoblasts in vitro.

Immunocytochemistry data using Col~1~α~2~ monoclonal antibody confirmed that the BMMS cells treated with CP were increased cellular collagen level than control. It has been opined that the higher expression of collagen supported calcification of stromal cell matrix in bone \[[@B38-cells-08-00446],[@B39-cells-08-00446]\]. In our study, we have also found higher levels of collagen and mineral deposition in differentiated BMMS cells on day 21, which was further supported through higher expression of collagen, ALP and osteocalcin in RT-PCR and Western blot analysis. These results may be explained by the fact that the higher level of collagen in differentiated CP-treated BMMS cells may accelerate the deposition of minerals. Similarly, an earlier report claimed that tripeptides (Gly-Pro-Hyp) of porcine skin collagen had upregulated the mineral, collagen, and osterix expression in human osteoblast hFOB1.19 cells \[[@B40-cells-08-00446]\]. In another study, type I collagen treatment had upregulated the osteoblast differentiation regulatory gene expression in bone marrow cells during the osteoblastic differentiation \[[@B41-cells-08-00446],[@B42-cells-08-00446],[@B43-cells-08-00446]\].

An earlier in vivo study revealed that salmon fish collagen peptides (100--860 Da) supplementation promoted the development of long bones in growing male rats through higher level of mineral, osteocalcin and ALP of osteoblasts \[[@B44-cells-08-00446]\]. Several in vitro studies also reported that collagen peptides from porcine skin (3 and 5 kDa), fish (1 kDa), chicken foot (800 Da), and bovine (2 and 5 kDa) had upregulated the bone growth and limited the bone damages during normal and arthritis conditions \[[@B30-cells-08-00446],[@B31-cells-08-00446],[@B32-cells-08-00446],[@B37-cells-08-00446],[@B45-cells-08-00446],[@B46-cells-08-00446],[@B47-cells-08-00446],[@B48-cells-08-00446]\].

To find the exact signaling mechanism of BMMS cells differentiation by CP, the level of osteoblast differentiation transcription factor, Runx2 and p38MAPK expression was determined in CP-treated BMMS cells. Culturing BMMS cell with CP increased Runx2 and p38MAPK expression in BMMS cells, which answered the possible scenario behind the osteogenic stimulatory mechanism of CP. From these observations, we opined that the differentiation of BMMS cells by CP achieved by activation of Runx2 via p38MAPK signaling pathway.

It was earlier confirmed by few authors that certain specific amino acid domain (asparagine, glycine, glutamine, and alanine) of collagen interact with α~2~β~1~ integrin on the bone marrow mesenchymal stem cell membrane and can lead to up-regulate bone matrix synthesis through activation of Runx2 signaling pathway \[[@B29-cells-08-00446],[@B36-cells-08-00446],[@B41-cells-08-00446],[@B49-cells-08-00446],[@B50-cells-08-00446]\]. Kawaguchi et al. \[[@B51-cells-08-00446]\] observed the presence of radioactive dipeptides \[14C\] Pro-Hyp in osteoblasts, osteoclasts, dermal fibroblasts, epidermal cells, synovial cells, and chondrocytes after 24 h of oral administration. More specifically, collagen-derived dipeptides containing Pro-Hyp had promoted osteoblastic MC3T3-E1 cells differentiation through upregulation of osteogenic Foxg1 expression \[[@B52-cells-08-00446]\].

Hence, this study summaries that, the CP obtained by direct extraction from Mahi mahi bone upregulated the BMMS cells proliferation as well as osteogenic differentiation, which is the main advantages of this CP. Though the present study disclosed the role of Mahi mahi bone CP on osteogenic differentiation of BMMS cells in vitro, it is necessary to understand the molecular mechanism of this CP with other bone cells such as osteoblasts, osteocytes, chondrocytes, and osteoclasts, which is one of the limitations of this study. The other limitation of this study is lack of in vivo evidence to prove the osteogenic effect of this CP, which needs further extensive research.

5. Conclusion {#sec5-cells-08-00446}
=============

In the present study, a new methodology was adopted to obtain bone collagen hydrolysates directly from fish bone through pretreatments with 0.1 M NaOH, 10% butyl alcohol and 0.5 M EDTA and proteolytic enzyme hydrolysis by 1% alcalase, rather than extracting the collagen from fish bone and then obtaining the peptide through the hydrolysis of collagen. From this new method, we obtained a specific peptide with the molecular weight of \~1 kDa. Most importantly, the obtained CP promoted osteoblast cells growth and upregulated collagen and mineral synthesis in bone cells, which is a most desirable property of biomaterials for the treatment of the bone disorder. We further confirmed that CP triggers p38MAPK dependent runx2 signaling pathway in BMMS cells during osteoblast differentiation. Overall, the fish CP with good osteogenic stimulatory properties may be considered as a potential drug for the osteoporotic treatment in old age and menopause women. However, one important issue that needs to be addressed by further studies is the angiogenesis effect of this CP using an in vivo study in order to understand the mechanism of action in bone regeneration.

The Supplementary Materials are available online at <https://www.mdpi.com/2073-4409/8/5/446/s1>.
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Figures and Scheme
==================

![Tricine SDS-PAGE pattern of Mahi mahi bone collagen. Lane 1: protein standard marker; lane 2: collagen peptide; lane 3: collagen hydrolysate.](cells-08-00446-g001){#cells-08-00446-f001}

![Effect of collagen peptide on proliferation (**A**), differentiation (**B**), and cellular alkaline phosphatase level (**C**) of bone marrow mesenchymal stem cells. CP-collagen peptide. \* *p* \< 0.05 vs. control.](cells-08-00446-g002){#cells-08-00446-f002}

![Haematoxylin and eosin staining of control and collagen peptide (CP)-treated bone marrow mesenchymal stem (BMMS) cells. Scale bars: 100 micrometers.](cells-08-00446-g003){#cells-08-00446-f003}

###### 

(**A**) Histological staining for alkaline phosphatase (i--ii), alizarin red (iii--vi) and von Kossa (v--vi) of control and collagen peptide (CP)-treated bone marrow mesenchymal stem cells (scale bars: 0.1 cm). (**B**) Quantification of stained area of bone marrow mesenchymal stem cells. The percentage of stained area in bone cells was quantified using ImageJ software (Version 1.52n). CP-collagen peptide, \* *p* \< 0.05 vs. control.
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![Immunocytochemistry of control and collagen peptide (CP)-treated bone marrow mesenchymal stem cells. Bone marrow mesenchymal stem cells treated with primary antibody (anti-Col~1~α~2~) overnight and DyLight 594-conjugated secondary antibody (scale bars: 75 micrometers). I--ii, iii--iv, and v--vi: 7, 14 and 21 days treated BMMS cells, respectively.](cells-08-00446-g005){#cells-08-00446-f005}

![Osteogenic mRNA expression of collagen peptide-treated bone marrow mesenchymal stem cells. ALP: alkaline phosphatase; CP: collagen peptide. \* *p* \< 0.05 vs. control.](cells-08-00446-g006){#cells-08-00446-f006}

![Western blot analysis of collagen peptide (CP)-treated BMMS cells. \* *p* \< 0.05 vs. control.](cells-08-00446-g007){#cells-08-00446-f007}

![Schematic illustration of extraction steps involved in isolation of collagen peptide from Mahi mahi bone. MWCM: molecular weight cut-off membrane.](cells-08-00446-sch001){#cells-08-00446-sch001}
